An eye-movement-based memory effect was demonstrated in 2 experiments showing different patterns of eye movements elicited to famous versus nonfamous faces, across a range of different processing tasks. The effects of prior exposure emerged early in viewing, within the first 5 fixations, and were observed on multiple measures of eye-movement behavior, reflecting a change in viewers' sampling behavior to the famous faces. Accordingly, the eye-movement-based memory effect can be seen as a change in the nature of processing of novel versus repeated items, with implications for other effects of prior exposure such as those seen in examples of repetition priming. The authors argue that the eye-movement-based memory effect is an obligatory consequence of previous exposure-a reprocessing effect caused by re-engaging the visual pattern analyzers and face processing machinery of the brain.
processed when viewed the second (or nth) time, but such inferences are difficult to draw from simple percentage correct and reaction time scores. To support the idea that repetition priming effects actually do reflect changes in how the repeated stimuli are processed, it is necessary to obtain measures capable of characterizing the nature of information processing of a given type of stimuli and of how its processing is affected by experience.
In the present research, we used the movement of the eyes to novel versus repeated items to examine this issue. The movement of the eyes to a scene is certainly involved in the processing of that scene (even if not necessary to process a scene). Changes in the manner in which the eyes move have been shown to be related to not only the physical aspects of a scene such as luminance or texture (Antes, 1974; Buswell, 1935; Mackworth & Morandi, 1967 ) but also to semantic aspects (Loftus & Mackworth, 1978; Parker, 1978; Stark & Ellis, 1981; Yarbus, 1967) . For example, Loftus and Mackworth (1978) showed that viewers fixate more frequently, earlier, and with longer durations on objects that are out of place in a scene (e.g., an octopus in a farm scene). More recent work by Henderson, Weeks, and Hollingworth (1999) qualifies these results, suggesting that viewing of a scene is controlled initially by physical properties of the scene, but that during the course of viewing, semantic factors come into play, resulting in more fixations with longer durations to semantically anomalous objects. The influence of such semantic factors on eye movements indicates the importance of prior knowledge that viewers bring to the viewing situation and suggests the utility of eye-movement monitoring in revealing memory effects on perceptual processing.
In our previous work, we have shown changes in the movement of the eyes to occur as a function of previous exposure (Althoff, Maciukenas, & Cohen, 1993; Cohen et al., 1998) . Using measures of the amount of constraint placed on the movement of the eyes to a picture, as well as other basic measures of eye-movement performance, we have shown that there is a difference in the qualitative kind of processing that is performed when a participant is 997 reprocessing an item as opposed to when he or she is processing it for the first time. The work presented here attempts to explore this issue of a reprocessing effect in the movement of the eyes and to place this into the context of face recognition. Accordingly, the present work derives a set of eye-movement measures that describe the sampling behavior of viewers processing faces and that assess experience-dependent changes in that sampling behavior.
General Method
In each of two experiments, the eye movements of participants were tracked while they viewed images of faces. The materials and methods used were the same for the two experiments other than the nature of the task that participants were asked to perform. The methods in common are presented in this section. Details of the methods specific to one or the other experiment are explained in the section devoted to that experiment.
Participants
All participants in these studies were students at the University of Illinois from whom informed consent was obtained and who received $5 per hour for their participation.
Materials
Stimuli consisted of 96 faces. Half of these faces were of people who were pre-experimentally famous, and half were of people who were not famous. Pictures of famous personalities were taken from popular magazines between the years 1988 and 1992 and were maintained in a database that has been sampled in a series of norming studies conducted prior to the work reported here. Pictures of nonfamous persons were taken from clothing catalogues during the same time period to match for clothing, hairstyles, and professional lighting. Pictures were scanned into a Macintosh computer with a Sharp scanner to achieve a resolution of 480 X 480 pixels. The pictures were edited with the editing tool Adobe Photoshop to crop the faces beneath the chin and around the head. Earrings and other peripheral features were edited out. After editing, the resulting images each consisted of a face and hair placed onto a black background. From 150 faces prepared for this work, 96 were chosen on the basis of a norming study in which a survey was given to 30 paid participants that asked them to rate names on the basis of fame and likelihood of recognition. Famous faces selected were those matching the names chosen most famous and most likely to be recognized, with two constraints: (a) half of the faces chosen were smiling and half were not and (b) half of the faces chosen were male and half were female.
1 Nonfamous faces that were rated as not famous and not likely to be recognized were chosen with the same emotion and sex constraints. The result was a set of 96 images of faces with the variables of prior exposure (famous vs. nonfamous), emotion (happy [smiling] vs. not happy [not smiling]), and sex (male vs. female) distributed orthogonally across the set.
Design
Stimuli were placed randomly into four blocks of 24 faces for each participant, with the variables of prior exposure, emotion, and sex equally balanced. Two such sets of the same 96 faces were prepared for each participant. Each participant was tested in two sessions, 2 weeks apart, in which he or she viewed all of these 96 faces in two different random orders. 2 
Apparatus
Two different eyetrackers were used for these experiments, each operating by illuminating the eye with infrared (IR) light and monitoring its reflection off of components of the eye. The Fourward Technologies Dual Purkinje Image-Generation V eyetracker (Fourward Technologies, San Marcos, TX), used in Experiment 1, beamed a small IR light into the right eye and tracked the position and movement of reflections from the eye by means of photocells and a closed-loop servo system of mirrors that controlled the angles of the incident and reflected light. The eyetracker system used the information about the changing positioning of the mirrors to determine movement and positioning of the eyes. High spatial accuracy (error less than % degree of visual angle) was obtained by restricting head movement with the use of a bite bar. High temporal accuracy was achieved by sampling eye position at 1,000 Hz. The Applied Science Laboratories (ASL, Bedford, MA) R4000 head-mounted eyetracker, used in Experiment 2, used optics and an IR light source mounted on a headband placed on the viewer's head. The movement of the eye was tracked by a video camera that recorded the position of the pupil and the reflection of the light off the cornea at 60 Hz. Information about changes in the angle between the center of the pupil and the corneal reflection associated with movements of the eye was used to determine eye position. Movement of the head in all three dimensions was acquired by a head tracking system involving a magnetic field generator situated behind the participant and a magnetic sensor placed on the headband. Head position was then integrated with eye position to allow for the assignment of gaze position. With signal filtering and averaging, the spatial accuracy obtained with this eyetracker was between Vi and 1 degree of visual angle, without the necessity of fixing the head of the participant.
In an initial calibration phase and then during all data collection, eye (or gaze) position in X,Y positions on the screen was sent to a Xinergy 486 computer (ASL) or a Compaq 386 computer (Purkinje), which also collected information about when the stimuli were presented and what behavioral responses were produced.
Procedure
Participants were run individually in two experimental sessions, each lasting approximately 1 hour. After obtaining written informed consent, the experimenter administered a questionnaire that required rating a list of 72 names of people on two 7-point scales: (a) How famous is [name] ? and (b) How likely is it that you would recognize a picture of [name] ? A rating of 7 indicated very famous and very likely, on the two scales, respectively, whereas a rating of 1 indicated not famous and not likely, respectively. These data were collected both to confirm our assignments of items to pre-1 Famous faces chosen had a mean survey score of 5.5 on a 7-point Likert scale, ranging from 1 (not famous/not likely to be recognized) to 7 (very famous/very likely to be recognized).
2 In a pilot study of 9 participants that consisted of two sessions spaced 2 weeks apart, each entailing a fame judgment task, it was determined that 2 weeks was long enough between sessions that the re-presentation of the nonfamous faces did not significantly influence the eye-movement-based memory effect. When these data were analyzed for effects on the seven variables of interest, the eye-movement-based memory effect was manifested in both sessions, and there was no interaction of Session X Type of Face. experimentally famous and pre-experimentally nonfamous and to prime participants' mental representations of the famous people whose images would be presented during the experiment.
Next, participants performed a calibration task before each block of faces. They repeatedly fixated a 3 X 3 grid of numbers or letters while the experimenter adjusted the eyetracker, until the fixations mapped sufficiently onto the calibration points on the screen. Then, an experimental block was begun.
Finally, participants were run in the experimental block. A block consisted of 24 trials. For each trial, first a warning message appeared on the screen. Then, a fixation point appeared in the center of the screen. Participants were to fixate this point until the image appeared. On determining that the participant was fixating the point, the experimenter initiated the trial. A single image of a face appeared on the screen for 5 s. There was an intertrial interval of 5 s between successive images. At the conclusion of the block, there was a 1-to 4-min break, followed by the next calibration and experimental block. A session included four such blocks.
In three of the four conditions (two sessions in each of two experiments), participants performed a fame judgment task. For each face, participants were to press one hand-held button if they judged the face to be famous and the other if they judged the face to be not famous. In Experiment 1, the other session-conducted either 2 weeks earlier or 2 weeks later-involved an emotion judgment, in which participants decided whether each face was "happy" or "not happy." Hand of button press was counterbalanced across participants but remained constant for each participant from session to session.
Data Analysis
Data analysis proceeded in four steps. First, the raw data were transformed from X,Y eye (or gaze) position at each sample time into a fixation-based description of the data, which identified where and when eye fixations occurred during viewing. Next, fixations were clustered into regions of interest to the participant, identifying the regions of a face sampled during viewing. Then, various measures were derived about the nature of the sampling or search of face regions and of the transitions among regions. Finally, statistical tests were performed on these variables to determine any effects of picture type and type of task. These steps proceeded as follows.
Transformation into fixation-based matrix. The raw X, Y eye (or gaze) data sampled at either 1,000 Hz or 60 Hz were reduced to a data matrix indicating where and when the eye stopped for a criterion amount of time (fixations) and the periods of time when the eye was moving between fixations (saccades). The resulting fixation-based matrix indicated where the eye was located and for how long it lingered on a given location before moving. Also integrated into this fixation-based matrix were the times when a picture was on the screen and when button presses occurred. All further calculations were performed on these data.
Calculation of regions of interest. Viewer-determined regions of interest were determined separately for each participant on the basis of his or her viewing patterns (see Cohen et al., 1998) . Regions that were repeatedly sampled by a participant viewing a face were considered to be regions of interest for that participant for that face (see Figure 1 for an example). In an automated software package created in our laboratory (EMTool; Maciukenas, Althoff, Holden, Webb, & Cohen, 1997) , a nearest-neighbor rule was used to calculate these viewer-determined regions of interest such that any two fixation locations within a criterion distance were assigned to the same region.
3 Any fixation not within the criterion distance from any other fixation was considered to occur in its own region. This way of defining regions of interest assures generalizability of these methods to other types of stimuli, and it controls for the amount (spatial extent) of any image contained within a region. Most analyses performed on the data were based on these regions. However, to describe more fully the nature of face viewing in these experiments, a priori face regions were also created; following Walker-Smith, Gale, and Findlay (1977) , these regions were defined as the left eye, right eye, nose, mouth, and other. Viewing time to each of these regions was calculated for each face for each participant.
Calculation of descriptive measures. A set of seven measures was derived within EMTool to characterize the extent and nature of the viewer's sampling or search behavior while viewing a face. First was the global measure number of fixations. Of the remaining six measures, four were calculated on the basis of the viewerdetermined regions: the number of different regions sampled {number of regions'); the number of fixations made before returning to a previous region"{return fixation); and first-order and secondorder information measures {SI and S2), indicating the amount of constraint on or predictability of the transitions between successive eye fixation locations.
To calculate S1 and S2, the data for each image viewed by each participant were entered into (Markov) transition matrices, indicating the extent to which fixations to particular regions were constrained by the location of prior fixations. First-order matrices indicated one-step transitions between regions for immediately successive fixation locations, embodied in contingency tables in which the columns represented the region of the current fixation and the rows represented the region in which the immediately preceding fixation occurred. Second-order matrices indicated twostep transitions, embodied in three-dimensional contingency tables in which the columns represented the region of the current (the nth) fixation, the rows in one axis represented the region in which the immediately preceding (the n -ith) fixation occurred, and the rows in the other axis represented the region in which the n -2th fixation occurred. These first-order and second-order matrices indicated the proportion of total fixations occurring in particular fixation pairs (e.g., left eye -»nose) or triplets (e.g., right eye -»left eye -»nose), respectively.
Quantifying the amount of constraint on current fixation location imposed by the location of previous fixations was accomplished by calculating the entropy (or randomness) contained in the individual cells of the matrices and comparing that with the amount of entropy or randomness that would be predicted only on the basis of the row and column totals. The entropy contained in a given matrix cell can be summarized in terms of the probabilities of total fixations to the various locations in the matrix using the following formula:
where P{i) is the relative probability of the event in that cell of the matrix.
Summing for all of the cells in the body of the matrix, a measure of the amount of total entropy contained within those cells is obtained. The higher this number is, the more randomness in the matrix. However, some of this randomness can be predicted on the basis of the row and column totals because the disproportionate viewing of certain regions makes transitions between them more likely. Therefore, we also calculated the amount of entropy contained in the row and column totals, providing a measure of the randomness caused merely by these zero-order effects.
After these computations were complete, the amount of constraint in the matrix could be calculated by measuring the amount of entropy in the body of the matrix, above and beyond the amount of entropy predicted by chance alone (from the row and column totals). We used the formula ' •column total row total cells/ column total/
To the extent that the fixations were distributed in a fashion where the probability of making some transitions was other than what would be predicted by chance alone (what Stark & Ellis, 1981 , refer to as deterministic viewing), there would be less entropy (less randomness) in the cells of the body of the matrix than in the row and column totals. Consequently, this measure would be near its maximum value of one. Conversely, if the movement of the eyes to various regions was completely unconstrained by the location of previous fixations, then fixations would have been distributed in accordance only with the probability of fixating in that location. In that case, there would be complete entropy, or randomness, in the matrix. This entropy could be predicted by the proportions in the row and column totals (what Stark & Ellis, 1981 , referred to as stratified-random viewing). In this case, the entropy in the row and column totals would equal the entropy in the body of the matrix, and this measure would be its minimum value of zero.
The comparable measures were also calculated for second-order transition matrices (S2). 4 The final two measures of viewers' sampling or search behavior were based on eye movements among a priori regions of faces: A measure of how symmetrically or asymmetrically viewing was distributed to the two sides of a face, expressed as a proportion of total fixations landing in the left hemispace {proportion left), and the proportion of total fixations directed to the internal features of a face-that is, eyes, nose, and mouth {proportion internal).
Statistical Analysis
For each viewer, the mean of each of the seven variables across famous faces and across nonfamous faces for each task was placed into a repeated measures analysis of variance (ANOVA), with type of face and type of task as variables. Planned means contrasts were performed to explore aspects of results that reached significance in the overall ANOVAs. In fame judgment tasks, only those faces that were correctly identified as famous or nonfamous were used in the analysis. All faces were included from the emotion task. A significance level of p < .05 was set for all analyses.
Experiment 1
We conducted Experiment 1 to examine the nature of face viewing and how it changes as a function of prior exposure to the faces. In previous work, we have shown that prior exposure or familiarity to visual materials, including faces, is associated with a change in the way those materials are viewed; famous faces and familiar buildings elicit a different pattern of eye movements than do nonfamous faces or unfamiliar buildings (Cohen et al., 1998) . The present study further explored this eye-movement-based memory effect, testing whether it occurs only when viewers are engaged in judging prior exposure or familiarity of the materials, or whether instead it is an obligatory consequence of having previously processed those materials regardless of the task currently being performed by the viewer. We tested this in the present work by exploring the extent to which the effects of prior exposure on eye movements depend on the nature of the task (and hence the processing) being performed by the viewers. We manipulated prior exposure by using famous faces and nonfamous faces as the stimuli. Viewers were instructed to judge each face for either the fame of the person depicted or the emotion expressed by the person depicted. A finding that viewing of famous faces differs from viewing of nonfamous faces independent of the nature of the task being performed by the viewer would support the idea that the eye-movement-based memory effect is an obligatory consequence of prior exposure, constituting a reprocessing effect.
The present study also explored the time course of this effect, examining when in the course of face processing the effect of prior exposure manifested itself. Did it occur relatively early in the course of face processing, for example, prior to making any decisions about familiarity of the face, or did it depend on and grow with longer viewing times? The overall goal was to better understand how (and when) face processing was changed as a function of experience with the faces. To accomplish this, we must endeavor to better characterize the nature of face processing as inferred from the pattern of eye movements during face viewing. Only by understanding the details of information processing, in this case for faces, can we hope to learn where exactly in the chain of processing, memory can exert its effects.
In addressing the nature of face processing, this experiment made contact with two literatures. It is known that the internal features of a face are particularly important in face processing. Walker-Smith et al. (1977) snowed that the vast majority of the fixations made to a face during a viewing task were made on the internal features of the face. In addition, Ellis, Shepherd, and Da vies (1979) showed that recognition was better for familiar faces when participants were presented with internal features; but for recognition of unfamiliar faces, internal and external features were equally valuable. The present experiment combined qualities of both of these previous studies, analyzing differential viewing of internal versus external features of faces, under different processing instructions, for faces that differed in their prior viewing history (famous vs. nonfamous).
The other literature with which the present experiment made contact concerns face processing and laterality of function. It has been reported recently that there are perceptual asymmetries in the processing of faces. Rhodes (1985) predicted, on the basis of tachistoscopic studies of face processing, that participants would spend more time looking at the left side of space (i.e., the right side of a face) during free viewing. This prediction has been supported by the work of Gilbert and Bakan (1973) , one of the first to show the existence of a left-visual-field bias in the recognition of faces. Following this line, Mertens, Siegmund, and Griisser (1993) showed that there were overall more fixations to viewers' left hemispace during a free-vision task. Also, Borod, Vingiano, and Cytryn (1988) showed that participants made more fixations to the left side of space when given emotional instructions. The present experiment explored these issues by analyzing the distribution of eye movements to the two sides of the face under different task conditions, which involved both the processing of emotion and processing of other aspects of faces and the extent to which any viewing asymmetries were influenced by prior viewing history to the faces.
Method
Using the procedures described in the General Method section, the experimenter tested 18 University of Illinois participants in two sessions. In one session, participants made a fame decision for each face, judging whether each face was "famous" or "not famous," and in the other session, they made an emotion decision for each face, judging whether each face was "happy" or "not happy." The session in which each task was performed was counterbalanced across participants, as was the button (and, hence, hand assigned to each decision choice). Analyses of the eye-movement behavior to each face were performed separately for both the full 5-s viewing time and also for the period of time before any decision was made to the face.
Results and Discussion
To obtain a clear picture of the fixation patterns in general, we first computed the cumulative amount of time spent within the regions left eye, right eye, nose, mouth, and other. This was done separately for famous and nonfamous faces for each participant in each session (fame task and emotion task). These data are presented in Table 1 . The great majority of viewing time in either task was spent looking at the main face features rather than other areas. Of the features, the majority of time was spent viewing the eyes, reflected in a main effect of region of face, F(4, 68) = 24.831, MSE = 553,032.141 in a repeated-measures ANOVA, a result also seen elsewhere (Walker-Smith et al., 1977) .
Effects of prior exposure were observed in these fixationduration measures, in terms of differences between famous and nonfamous faces in time spent in the various face regions. There was a significant interaction between region of face and type of face (famous vs. nonfamous), F(l, 17) = 10.505, MSE = 1,282.853, with famous faces receiving fewer fixations to the mouth and more to the eyes, compared with nonfamous faces. This effect was further modulated by the type of task, reflected in a significant three-way interac- Note. No. of regions = number of subjective regions; Return fixation = number of fixations before returning to a previously sampled region; Prop, left = proportion of fixations in the left hemispace, Prop, internal = proportion of total fixations made on internal features; SI = first-order Markov measure; S2 = second-order Markov measure. tion between task, region, and type of face, F(4, 68) = 2.641, MSE = 33,199.245, with overall less time spent on the mouths of famous faces during the fame task and a greater difference between time spent on the left eye versus the right eye in the emotion task.
Viewing during the full 5-s period. Having obtained effects of prior exposure on the basic fixation-duration measure, we turned to analyses of our seven derived measures. We started by determining the three factors that best summarized the eye-movement data, submitting each block for each participant individually to a factor analysis with principal component extraction. Three factors were extracted that collectively accounted for 70-80% of the variance of the data. These three factors were then submitted to a multivariate analysis of variance (MANOVA), which revealed a significant effect of prior exposure, F(3, 66) = 9.58. 5 There was no effect of task, F(3, 66) < \,p > .9, and no interaction of task X prior exposure, F(3,66) < 1, p > .5. In the results discussed below, we examine the individual variables to determine the nature of this effect.
The results for each of the seven variables during 5-s viewing of each face are presented in Table 2 separately for each of the two tasks. There were significant differences in various of the seven measures as a function of prior exposure observed in both tasks. Starting with the measures of constraint on transitions among successive eye-fixation locations, there were significant differences in both the SI and S2 measures for viewing of famous versus nonfamous faces-collapsed across tasks, SI: F(l, 17) = 4.59, MSE = 0.003; S2: F(l, 17) = 9.128, MSE = 0.003-observed in both the fame task-SI: F(l, 17) = 18.676, MSE = 0.001; S2: F(l, 17) = 20.672, MSE = 0.001-and the emotion task-SI: F(l, 17) = 5.585, MSE = 0.001; S2: F(l, 17) = 5.779, MSE = 0.001. This effect conforms with what we reported in our earlier work (Cohen et al., 1998) , with higher constraint in transitions among successive fixation locations for nonfamous faces compared with famous faces, and it shows that the effect of prior exposure on eye movements extends to tasks in which the nature of processing is something other than intentional judgment of prior exposure or familiarity. Although the difference in both constraint measures between viewing of famous faces and viewing of nonfamous faces was numerically larger in the fame task than in the emotion task, they were significant for both tasks, and there was no significant interaction between type of face and type of task for either of these two measures, SI: F(l, 17) = 1.917, p> .18; S2: F(l, 17) = 2.296, p > .14.
Most of the other measures of viewers' sampling behavior also showed the effect of prior exposure. Collapsing the data across the two tasks, we found that the effect of prior exposure was significant for return fixation, F(l, 17) = 11.249, MSE = 0.163; proportion left, F(l, 17) = 13.905, MSE = 0.001; and number of regions, F(l, 17) = 12.835, MSE = 0.094. In addition, it was marginally significant for number of fixations, F(l, 17) = 4.099, MSE = 0.241, p < .06. Two of these four variables, like the constraint measures, showed little sensitivity to the task performed: Proportion left showed a significant effect of prior exposure on both tasks-fame task: F(l, 17) = 11.046, MSE = 0.001; emotion task: F(l, 17) = 9.282, MSE = 0.001-with no interaction of Type of Face X Type of Task, F(l, 17) < 1, p > .8. For return fixation, the effect of prior exposure was significant for the emotion task, F(l, 17) = 7.124, MSE = 0.177, and marginally significant for the fame task, F(l, 17) = 3.564, MSE = 0.177, p < .08, with no interaction of Type of Face X Type of Task, F(l, 17) < 1, p > .5. However, for number of fixations and number of regions, the effect of prior exposure was significant only for the fame task, Fs(l, 17) = 17.217 and 85.129, MSEs = 0.22 and 0.022, respectively; it Avas not significant for the emotion task, Fs(l, 17) = 1.339 and 1.379, respectively; ps > .25. There was a significant interaction between type of face and type of task, Fs(l, 17) = 14.08 and 32.42, MSEs = 0.22 and 0.022, respectively. Of the seven variables explored in this study, only proportion internal, already at a very high level overall, showed no significant effect of prior exposure, F(l, 17)= 1.085,p>.35.
Taken together, the results indicate an eye-movementbased memory effect manifested in various aspects of the sampling or searching of famous versus nonfamous faces during free viewing. Several aspects of the effect remain undiminished even when viewers were engaged in processing aspects of faces unrelated to judging prior exposure or familiarity. In the fame task, the viewing of nonfamous faces differed from the viewing of famous faces in involving more fixations, more regions sampled, more constraint in the transitions among successive fixation locations, and less symmetric sampling of face features. In the emotion task, viewing of nonfamous faces continued to differ from viewing of famous faces by having more constrained, less symmetric sampling of face regions. It should be noted that in the emotion task, where the number of regions sampled and the number of total fixations made to faces did not differ significantly between nonfamous and famous faces, the manner in which those areas were sampled differed as a function of prior exposure. Thus, prior processing can affect the way in which faces are processed, irrespective of the task being performed.
The present results also speak to several important issues concerning the sampling of particular face features. Viewers in this experiment looked disproportionately at the internal features of faces, in conformance with Walker-Smith et al.'s (1977) findings. As shown in Table 2 , across conditions nearly 88% of fixations were to the internal features. A onesample t test showed that the amount of time spent on internal features across all faces was significantly different from a chance level of 0.5, *(75) = 48.570, p < .0001. However, this was the one aspect of face viewing assessed here that did not differ between famous and nonfamous faces, for either task. Thus, the effect reported by Ellis et al. (1979) , of more importance of the internal features specifically for the processing of famous (but not unfamiliar) faces, on the basis of behavioral testing methods, does not appear in the eye-movement record. Further work combining eye movement and behavioral assessments would be useful in attempting to resolve this discrepancy.
Analysis of the spatial distribution of eye fixations across all faces revealed no significant tendency to sample the left hemispace disproportionately: The proportion of fixations to the left (0.48) was not significantly different from 0.5 using a one-sample t test, f(37) = 1.003, p > .31, with no difference between the two tasks, F(l, 17) <\,p> .8. However, there was a significant bias for more fixations to the left hemispace for nonfamous faces. Eye movements to nonfamous faces were in the left hemispace significantly more often than were eye movements to famous faces, F(l, 17) = 8.757, MSE = 0.001; by contrast, eye movements to famous faces were more symmetrical across the midline-that is, less lateralized. The greater laterality (into the left hemispace) for nonfamous faces versus famous faces was seen for both tasks, with no interaction of Type of Face X Type of Task, F(l, 17) < l,p>.8.
The fact that a laterality effect was seen only for nonfamous faces and did not differ between the emotion task and the fame task appears to be at odds with Borod et al. (1988) , who showed that there were more excursions of the eye into the left hemispace given emotional instructions. However, it is entirely possible that the task used here (judging happy vs. not happy) did not involve enough emotional processing to produce a laterality effect. It is also important to note that this experiment was not specifically designed to test the effects of laterality. That is, we did not carefully control the luminance and texture of the different sides of our face stimuli; a more careful study could be done in which the stimuli are specifically controlled for this feature and in which the stimuli are flipped left-to-right in a counterbalanced design. These issues warrant further study. What is important to the questions posed by the current work, however, is that laterality of viewing is another variable that distinguishes between faces with and without previous exposure.
Viewing during the period prior to making a decision. In this analysis, rather than assessing the effects of prior exposure on free viewing of faces during the full 5-s viewing period, we assessed viewing only for the period prior to the generation of a behavioral response (and, presumably, to the making of the fame or emotion decision). The data were truncated to include only those fixations and saccades occurring prior to the button press. Trials on which there was no button press were dropped in this analysis. Then, the same analytic methods were used as before. These results and the results from the fixations after the button press are shown in Tables 3 and 4. Responses were made rapidly in both tasks. Mean latency to button press for the fame task was 1.68 and 2.29 s (SEs = .08 and .16 s) for famous and nonfamous faces, respectively. For the emotion task, mean latency was 1.93 and 1.97 s (SEs = .08 and .11s) for famous and nonfamous faces, respectively. Despite this causing the data window to be reduced to just a few seconds of eye-movement behavior per image per participant, this analysis revealed highly significant effects of prior exposure on five of the seven measures: number of fixations, F(l, 17) = 27.829, MSE = 0.504; number of regions, F(l, 17) = 59.871, MSE = 0.046; proportion internal, F(l, 17) = 75.827, MSE = 0.0003; SI, F(l, 17) = 5.394, MSE = 0.007; and S2, F(l, 17) = 17.708, MSE = 0.007. This effect of prior exposure on early viewing was larger and more consistent for the fame task than for the Thus, even within the first 2 s of viewing, eye movements elicited to nonfamous faces differed from eye movements elicited to famous faces in involving more fixations, more regions sampled, more constraint in the transitions among successive fixation locations, and more fixations to internal features, at least in the fame task. At least one variable, proportion internal, revealed a significant effect of prior exposure during early viewing that was not significant when the full 5-s viewing period was analyzed.
For the emotion task, too, there were differences in the eye-movement behavior as a function of prior exposure even within the first 2 s of viewing, prior to any behavioral judgment being made. Interestingly, however, the effects of prior exposure were somewhat different in the emotion task than in the fame task, showing up only in measures of which particular regions were sampled: proportion internal and proportion left. Viewing of nonfamous faces involved sampling the internal regions more heavily and less symmetrically than viewing of famous faces. To the extent that internal features are the most informative regions of a face, and that faces have strongly symmetric features, then sampling disproportionately from the internal features and avoiding symmetry in the distribution of eye-fixation locations, as was seen for the nonfamous faces, would result in increasing the likelihood of extracting important information from the face.
Taken together, the eye-movement behavior observed prior to the button press indicates that the effects of prior exposure emerge early in viewing. These findings suggest that the eye-movement-based memory effect we have observed here does not occur as a consequence of making an explicit recognition decision; instead, information about (or at least shaped by) prior exposure is apparently available to the face-processing system before a recognition decision is made. This point is made still more forcefully in one final analysis, in which only the first five fixations of each trial were examined. Greater than 97% of the trials elicited at least five fixations (across pictures across subjects there were only 90 trials, out of a total of 3,457 [2.6%], that elicited fewer than five fixations); the trials with fewer than five fixations were dropped from the analysis. The results are shown in Table 5 .
As can be seen in Table 5 , the effects of prior exposure were evident within the first five fixations to a given face, and they were seen in both tasks, even more consistently than in the previous analysis. In the fame task, viewing of nonfamous faces was characterized by the sampling of more regions, more sampling of the internal features, and higher constraint on the transitions between successive fixations (on both the SI and S2 measures) than was observed for viewing of famous faces. Nearly the same pattern of results was seen in the emotion task, with the viewing of nonfamous faces involving the sampling of more regions, with more constraint on transitions between successive fixations (on both measures) than the viewing of famous faces. It is noteworthy that the effects of prior exposure appeared in the emotion task in more aspects of eye-movement behavior within the first five fixations than were apparent during longer viewing periods.
The findings reported here, taken together, document an eye-movement-based memory effect for faces that is not dependent on making an explicit recognition decision about the faces. It extends to tasks other than those requiring recognition, occurring here in an emotion judgment task, and it emerges early in viewing before decisions about recognition or fame (or emotion) occur, being observed within the first five fixations. The fact that the differences between famous and nonfamous faces emerge so early in viewing indicates that prior exposure acts on very early stages of face processing and apparently does so independently of the nature of the processing performed on the faces.
The current findings also provide some understanding of the nature of the effects of prior exposure on later viewing. Viewing of nonfamous faces is more constrained than is viewing of famous faces, as we reported previously (Cohen et al., 1998) . This is extended here by showing that viewing of nonfamous faces is characterized also by more efficient sampling of face information, involving more fixations, more regions sampled, more sampling of the internal features of faces, and less symmetric viewing of face features. Within the first five fixations, the finding of a higher number of regions sampled for nonfamous faces, particularly the regions involving the internal features, together with the finding of increased constraint on successive eye fixations, is consistent with a strategy of sampling without replacement, maximizing the amount of information that can be obtained within that small number of fixations.
Experiment 2
A change in the degree of constraint on the transitions between successive eye fixations was one of the ways in which prior exposure affected eye-movement behavior, as observed both in Experiment 1 here and in our earlier work (Cohen et al., 1998) . Eye movements to nonfamous faces were more constrained than eye movements to famous faces, with the transitions between successive locations being more predictable. In Experiment 1 here, this aspect of the eyemovement-based memory effect was manifested as higher values on the SI and S2 measures for the nonfamous faces than for the famous faces. The present experiment was designed to explore the effect of intentionally manipulating the degree of constraint in viewers' eye-movement behavior by instructing them to engage in particular scanning strategies that specified the transitions among successive fixations. Our interpretation of the effects of prior exposure on the S1 and S2 measures in Experiment 1 was that viewers use a stereotypic though idiosyncratic pattern of viewing for nonfamous faces, more than for famous faces, in their effort to maximize the extraction of information from novel faces. If correct, we would predict that imposing a constrained (intentional) scanning strategy on viewers would produce higher values on the SI and S2 measures than would free viewing. Such a finding would serve to validate the use of the SI and S2 measures as indices of constraint.
This manipulation also permitted us to ascertain the extent to which the effects of prior exposure can be manifested when important aspects of viewing behavior are held constant. Can we see other indices of an eye-movementbased memory effect when we control for one of the ways it is usually expressed? Finally, it allowed us to assess further the extent to which the eye-movement-based memory effect occurs independent of instructional set by comparing the eye-movement behavior of viewers tested on two occasionsone in which viewers engaged in free viewing of the faces while performing a fame judgment task, as in Experiment 1, and the other in which viewers were instructed to use a constrained intentional scanning strategy (while also performing a fame judgement task). This constitutes a more drastic manipulation of the instructions than in Experiment 1, thus permitting a more ambitious test of the independence of the eye-movement-based memory effect on instructional set. Does the eye-movement-based memory effect occur in response to prior exposure, regardless of the nature of the processing being performed by the viewer? Manipulation of the nature of processing is accomplished here by manipulating instructional set; lack of dependence of our effect on instructional set strengthens the view that our effect is one of prior exposure-of reprocessing of previously seen material.
Method
Using the general methods described above, the experimenter tested 18 University of Illinois participants in each of two sessions. In both sessions, participants performed a fame judgment task. In the first session, participants were able to engage in free viewing of the faces; in the second session, participants were instructed to view the faces while moving their eyes in accordance with one of two intentional scanning strategies. In the reading strategy, viewers were instructed to move their eyes across the face as if they were reading the face (i.e., to move their eyes across the face from left to right, starting at the top and continuing to the bottom). In the features strategy, viewers were instructed to fixate the features of the faces in a particular order (i.e., top of the head, left ear, left eye, right eye, right ear, nose, mouth, chin). The session in which viewers did intentional scanning always followed the session in which viewers engaged in free viewing to eliminate the possibility that intentional scanning strategies would contaminate free viewing.
The eye-movement records were examined to ascertain that viewers complied with the intentional scanning instructions. The highly constrained nature of these viewing patterns, as exemplified in Figure 2 , made it rather straightforward to monitor compliance. Once having confirmed compliance, data from the two intentional scanning conditions were collapsed for the analyses because what was of interest here was the effects of using any constrained scanning pattern as compared with free viewing. The measures derived from the eye-movement behavior in the two testing sessions, and the analyses conducted, were as above.
Results and Discussion
The results are shown in Table 6 . The first-order constraint measure (SI) was much higher for intentional scanning than for free viewing, F(l, 17) = 175.679, MSE = 0.013, approaching its maximum possible value of 1.0 for both famous (.88) and nonfamous faces (.88) during intentional scanning. For the second-order constraint measure (S2), there was also a highly significant difference in eye movements elicited during intentional scanning task versus free viewing, F(l, 17) = 72.445, MSE = 0.004, with this measure at virtually the maximal value-.99 for both famous and nonfamous faces. Thus, when viewers engaged in a stereotypic pattern of eye movements, moving in accordance with some intentional scanning strategy, there was a clear increase in the degree of constraint in transitions between successive fixation locations. This effect is in line with, albeit an exaggeration of, the higher constraint we have seen when viewers look at nonfamous faces compared with famous faces, on the same SI and S2 measures. This suggests that viewing of nonfamous faces elicits a more stereotypic search than does viewing of famous faces (see Cohen et al., 1998) .
The intentional scanning instructions also caused other changes in our measures of sampling behavior, in addition to the constraint measures S1 and S2, that can be seen clearly in comparisons of the same viewers' eye movements of intentional scanning versus free viewing (see Table 6 ). There were significant differences in the number of fixations, F(l, 17) = 9.533, MSE = .9824; number of regions sampled, F(l, 17) = 111.827, MSE = 5.677; first return fixation, F(l, 17) = 84.06, MSE = 3.599; and proportion internal, F(l, 17) = 140.018, MSE = 0.012. Thus, during intentional scanning, viewers sampled more regions (by a factor of 2: 11.7 vs. 5.8), sampled more different regions before returning to an earlier one, and had a much smaller proportion of their fixations restricted to internal features of the faces (.4 vs. .72) than the same viewers did during free viewing. Clearly the instructional manipulation had a profound effect on viewers' eye-movement behavior.
Turning now to the effects of prior exposure, during free viewing the eye-movement-based memory effect was observable in four of the variables: number of fixations, F(l, 17) = 28.195, MSE = .214; number of regions, F(l, 17) = 9.017, MSE = 0.078; proportion internal, F(l, 17) = 39.298, MSE = 0.0003; and proportion left, F(l, 17) = 6.906, MSE = 0.001. Thus, here, as in Experiment 1, the viewing of nonfamous faces differed from the viewing of famous faces in involving significantly more fixations, more regions sampled, and less symmetric sampling of face features, constituting a replication of our earlier findings. Surprisingly, the effect was not seen this time in the constraint measures (Fs < l,ps > .3), nor was it seen in the first return to fixation measure (F < l,p> .5) .
Examination of the data from the intentional scanning condition suggests that the instructional manipulation may have been too powerful. First, the degree of constraint exhibited was so high during the intentional scanning task that it would be difficult to discern any effect of prior exposure on the SI and S2 measures, and indeed no significant effect of prior exposure was observed for these variables (Fs < 1, ps > .5). However, it is worth noting that these particular viewers did not show an effect of prior exposure on these measures even during free viewing. Second, the sampling behavior of viewers during intentional scanning was so altered by the constraints imposed by the instructions in that condition that, in addition to the effects on the two constraint measures already discussed, four of the other five variables were significantly changed from what was seen during free viewing. Perhaps as a consequence, many of the effects of prior exposure observed during free viewing were not seen during intentional scanning. Significant interactions of Task X Prior Exposure were observed for number of fixations, F(l, 17) = 28.195, MSE = 0.214, and number of regions, F(l, 17) = 7.66, MSE = 0.078, and were marginally significant for proportion internal, F(l, 17) = 3.243, MSE = 0.0003, p < .089. Even so, an eye-movement-based memory effect emerged here: There was significantly more viewing of internal features for nonfamous faces than for famous faces, F(l, 17) = 13.853, MSE = 0.0004.
General Discussion
The work reported here examined the nature of face viewing and how it changes as a function of prior exposure to particular faces, as derived from analyses of eyemovement behavior. We derived multiple measures to characterize viewers' sampling or search behavior in viewing images of famous and nonfamous faces. The results demonstrate an eye-movement-based memory effect, documenting changes in the way people view materials with which they have had previous experience as compared with novel materials. These results confirm and extend our previous results (Cohen et al., 1998) in several important respects and permit us to address issues about face processing and memory, as described below.
Effects of Prior Exposure Occur Regardless of the Nature of the Processing Task
The eye-movement-based memory effect can be seen in tasks or processing situations other than judging fame or making recognition memory judgments; that is, it does not require that viewers be engaged in evaluating the stimuli to determine familiarity or prior exposure. Such findings support the idea that the differences seen in the eyemovement behavior between famous and nonfamous faces reflect an obligatory consequence of previous exposure or, more to the point, of having processed the famous faces previously-a reprocessing effect caused by re-engaging the visual-pattern analyzers and face-processing machinery of the brain on multiple occasions.
Exactly how such an effect appears across repetitions, and how many previous exposures are required for the effect to emerge, could not be determined in the present research. The materials used in the present studies were faces that either had never been seen before by these viewers or had been seen often enough pre-experimentally to be judged famous. Exploring the emergence of the eye-movement-based memory effect across repetitions in a controlled experimental setting is the subject of a subsequent study (Althoff & Cohen, 1999) .
Effects of Prior Exposure Can Be Seen in Multiple Measures of Eye-Movement Behavior
The eye-movement-based memory effect could be observed in multiple aspects of eye-movement behavior, being manifested on a variety of different measures. This permits us to get some sense of what it is about eye-movement behavior that changes as a function of experience with the materials, as well as what aspects of eye-movement behavior are captured by the different variables. Prior exposure resulted in decreased constraint on the transitions between successive eye fixations (i.e., a decrease in how constrained the pattern of sampling was for famous faces compared with nonfamous faces) in Experiment 1, as it did in our previous work (Cohen et al., 1998) . Indeed, in Experiment 1, the effect of prior exposure on the first-and second-order constraint measures (SI and S2) occurred regardless of which task was being performed. That SI and S2 actually measure how constrained or stereotypic the pattern of sampling is for viewers was shown in Experiment 2, when viewers were instructed to use experiment-defined stereotypic viewing patterns, and the resulting eye-movement behavior showed very high (nearly maximal) SI and S2 values. Rizzo and Hurtig (1987) had previously discussed the use of some measure of constraint in the pattern of eye movements (asymmetric lambda, which is similar to our S1 measure) to detect covert recognition of faces in patients with profound deficits in face recognition (prosopagnosics). They found this measure to distinguish between familiar and unfamiliar faces in two patients. However, curiously, this measure did not distinguish between familiar and unfamiliar faces in nonamnesic viewers in their experiment. In our own work, we have found measures of constraint to be discriminating in two amnesic patients whose memory impairments prevented them from explicitly recognizing famous faces from among nonfamous faces-that is, although they could not distinguish behaviorally among the faces, their eye movements did distinguish among the faces (Althoff et al., 1993) , and, both in Cohen et al. (1998) and in the current experiments, we have now shown that these measures distinguish in nonamnesic participants.
Rather than being specific to the constraint measures, however, the eye-movement-based memory effect was observed in many measures in the work reported here. Of the seven variables explored in Experiment 1, for example, only one-proportion internal-showed no significant effect of prior exposure, and then only when analyzing over the full 5-s period; proportion internal showed a significant effect of prior exposure when analyzing the first five fixations. The effects of prior exposure manifested themselves on different variables across the experimental manipulations embodied in the two studies reported here (fame judgments and emotion judgments, during free viewing and intentional scanning). However, even when some of those measures were too constrained by our instructional manipulations, as in Experiment 2, the eye-movement-based memory effect could still be observed on one or another measure. Accordingly, rather than there being any single measure that can be considered the signature of the effects of prior exposure on eye-movement behavior, it appears that there is a shift in the sampling behavior viewers use in searching a face and that our various measures are picking up on different aspects of that shift. Stated most generally, sampling behavior for unfamiliar faces seems designed to optimize the extraction of information. Compared with viewing of famous faces, viewing of nonfamous faces is characterized by more sampling, with more different regions being sampled, less sampling to homologous regions across the midline (i.e., less symmetric viewing), and a more constrained search emphasizing the internal features. These effects can appear within the first five fixations, as was seen in Experiment 1, in which case it appeared as a strategy of sampling without replacement of the major facial features.
Eye-Movement-Based Memory Effect as a Change in the Nature of Processing
The fact that the effects of prior exposure seem to produce a qualitative shift in sampling behavior has the practical consequence that we can observe them across a set of different measures, as discussed above. However, there is a deeper consequence as well, namely, that we can use these effects to go beyond the usual drawing of inferences from priming studies about the effects of experience on processing. That is, on the basis of decreases in reaction time and increases in accuracy seen in the typical priming study, or changes in the amount of activation seen in functional neuroimaging studies for the first versus the «th presentation of the stimuli (e.g., Buckner et al., 1995; Squire et al., 1992) , inferences are drawn about changes in the way recently processed materials are subsequently handled. However, here we actually have evidence of differences in the way novel and repeated materials are processed, as reflected in differences in the sampling behavior of viewers. The measurement of eye-movement behavior would, therefore, seem to provide a rich domain for exploring such changes so that we can begin to characterize and understand them.
Implications From the Eye-Movement Record About Aspects of the Nature of Face Processing
The results of the current experiments provide information about the nature of face processing, in terms of the importance of various features for supporting face recognition, as well as speaking to issues about brain laterality of face processing and where in the course of face processing previous exposure might exert its effects. Interestingly, some of the implications of the current eye-movement results provide a contrasting view to inferences drawn from behavioral or neuropsychological experiments.
One question about face processing raised in the literature concerns the relative importance of internal features for face identification. Behavioral data from an experiment by Ellis et al. (1979) suggested the importance of the internal features of a face specifically for the processing of famous, but not for unfamiliar, faces. This is not supported by the eye-movement record, however. Rather, a significantly higher proportion of fixations was directed to the internal features of nonfamous faces than to famous faces in both experiments reported here. The increased reliance on internal features for viewing of nonfamous faces is part of the larger pattern of more efficient sampling behavior when viewing nonfamous faces, given the importance of the internal features for identifying people by their faces.
A second question about face processing to which the current eye-movement results speak concerns the relative importance of the two cerebral hemispheres and of the two halves of the face in face recognition. Behavioral and neuropsychological work have indicated a left-visual-field bias for face recognition. Some initial work assessing viewing of left and right hemispaces found preferential viewing of the left hemispace (the right side of the viewed face), particularly when participants were given emotional instructions (Borod et al., 1988; Mertens et al., 1993 ). In the current work, a left-hemispace bias in viewing was apparent either only for nonfamous faces (Experiment 1) or disproportionately for nonfamous faces (Experiment 2), an effect that has not been reported previously. Such an effect is consistent with the other eye-movement effects observed here that distinguish between viewing of famous and nonfamous faces: Viewing of nonfamous faces entails more efficient sampling of face features. Asymmetric viewing is the more efficient sampling strategy given the basic symmetry of faces. (If the viewer has already sampled, say, the left eye, there is less information to be gleaned about face identity from now sampling the right eye than can be gleaned from sampling the nose or mouth). However, it must be reiterated that the materials and the procedures were not specifically designed to test laterality effects. Given that we explored the effects of prior exposure by using famous versus nonfamous faces, that is, using physically different materials rather than a single set of faces across different numbers of exposures, it remains possible that the finding of disproportionately asymmetric viewing of nonfamous faces reflects differences in the stimuli themselves-the nonfamous faces may have differed from famous faces in symmetry of features. Further work will be needed to resolve this issue.
Finally, the fact that the eye-movement-based memory effect emerges early in viewing, capable of being expressed within the first five fixations, suggests that prior exposure affects early stages of face processing, involving the actual perceptual processor engaged in the perception of the stimulus. Such experience-dependent tuning or modification of a basic processor would constitute an example of procedural learning, as described in the declarativeprocedural theory of memory (Cohen, 1984; Cohen & Eichenbaum, 1993) .
